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[57] ABSTRACT 
There are provided enantiomerically enhanced chiral 
substituted cyclopentadienyl ligands and compounds 
thereof, and a process for their making comprising con 
tacting a substituted fulvene or derivative thereof with 
an enantiomerically enhanced or pure nucleophile hav 
ing at least one chiral center. There are further pro 
vided enantiomerically enhanced chiral organometallic 
complexes having one or more chiral substituted cy 
clopentadienyl groups. 
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CHIRAL METALLOCENE COMPOUNDS AND 
PREPARATION THEREOF BY ATTACHMENT OF 

CHIRAL CENTER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to enantiomeric chiral com 

pounds and a process for their stereoselective prepara- 1 
tion. In another aspect this invention relates to enanti 
omerically enhanced or pure chiral substituted cy 
clopentadienyl ligands and a process for their stereose 
lective preparation. In yet another aspect, this invention 
relates to enantiomeric chiral Group III B-VIII B (the 
chemical Groups herein are as referenced to the Perl 
odic Table of Elements, CRC Handbook of Chemistry 
and Physics, 68th ed. 1987-1988) organometallic com 
plexes and a process for their stereoselective prepara 
tion. 2. Description of the Prior Art 

Stereochemistry refers to the three-dimensional spa 
tial con?gurations of molecules. Stereoisomers are com 
pounds which have identical chemical constitution, but 
differ as to the orientation of the atoms or groups in 
three dimensional space. Stereoisomers fall into one of 
two broad classes: optical isomers and geometric (cis 
trans isomers). Enantiomers are one type of optically 
active three-dimensional isomers that are mirror image 
structures, which form as the result of the presence of 
one or more asymmetric or chiral centers. These mirror 
image forms compare to each other structurally as do 
the right and left hands when the chiral carbon atoms, 
C', are lined up. For example, in the enantiomeric forms 
of glyceraldehyde, the two structures are mirror images 
of each other and cannot be made to coincide: 

There are several conventions used when referring to 
respective enantionmers in a pair such as d/l, R/S, and 
+ / —. 

Pairs of stereoisomers differ so little in structure, and 
hence in physical properties, ‘that they are generally 
differentiated by the use of a polarimeter, which mea 
sures the amount of rotation the compound imparts to 
polarized light as it passes through the compound. Yet 
despite the close similarity, one isomer of a pair may 
serve as a nourishing food, or as an antibiotic, or as a 
powerful heart stimulant, and the other isomer may be 
useless or even harmful. One of the most difficult prob 
lems in the preparation of compounds is the control of 
stereochernistry, and in particular the preparation of 
enantiomerically pure compounds. One of the most 
dramatic examples of the importance of chirality con 
trol was the use of the drug thalidomide, which was 
manufactured and sold as a racemic mixture (mixture of 
the optical isomers wherein the mixture is optically 
inactive). One optical isomer produced the desired ther 
apeutic effect, while the enantiomer, which was as 
sumed to be pharmacologically inert, led to fetal defor 
mities. 

Chiral catalytic complexes could be utilized to facili 
tate enantioselective transformations. For example the 
enantioselective hydrogenation of acetamidocinnamic 
acid is catalyzed by the presence of a chiral rhodium 
catalyst. Transition metal organometallic complexes 

15 

30 

35 

50 

55 

65 

2 
have long been used to catalyze chemical reactions. 
Recently transition metal complexes incorporating chi 
ral chelating diphosphine ligands have been success 
fully utilized to effect enantioselective hydrogenations. 
However, the stereo-differentiating ability of these 
complexes can suffer due to the lability of phosphine 
ligands. 
The tremendous potential of utilizing chiral organo 

0 metallic complexes to carry out enantioselective trans 
formations is hindered by the lack of readily available 
enantiomerically enhanced (that is, an excess of one of 
the enantiomers) or pure organometallic complexes, 
and enantiomerically enhanced or pure ligands or com 
pounds from which to make enantiomerically enhanced 
or pure organometallic complexes. 

Chiral cyclopentadienes are considered to be a suit 
able starting point for making enantiomeric enhanced or 
pure organometallic complexes, however, only a small 
number of chiral cyclopentadienes are known and only 
a few of them are enantiomerically enhanced or pure. 
Generally, synthesis of chiral compounds from achiral 
reactants typically will yield the racemic modification 
or mixture. The enantiomers must then be separated 
(resolved) by special methods that are very difficult and 
yield less than desired results. A method that would 
produce an excess of the desired enanthomer could rely 
less on resolution techniques than a process that pro 
duced a racemic or essentially racemic mixture. There 
have been other attempts to develop enantiomerically 
enhanced or pure cyclopentadienyl ligands or com 
pounds that have focused on preparing chiral cyclopen 
tadienyl ligands from inexpensive naturally occurring 
enantiomerically enhanced or pure compounds. Unfor 
tunately many of these routes require several synthetic 
steps to transform a naturally occurring starting mate 
rial into a cyclopentadienyl derivative. 

Therefore, the need exists in the art for an efficient, 
simple process for producing enantiomerically en 
hanced or pure cyclopentadienyl derivatives which 
could then be made into enantiomerically enhanced or 
pure organometallic compounds, without an undue 
amount of synthetic steps, and without having to rely 
entirely on resolution techniques. 

SUMMARY OF THE INVENTION 

According to one embodiment of this invention there 
are provided enantiomerically enhanced or pure chiral 
substituted cyclopentadienyl ligands and compounds 
and salts thereof. 
According to another embodiment of this invention 

there is provided a stereoselective process of preparing 
enantiomerically enhanced or pure chiral substituted 
cyclopentadienyl ligands and compounds thereof com 
prising contacting a substituted fulvene or derivative 
thereof with an enantiomerically enhanced or deriva 
tive thereof with an enantiomerically enhanced or pure 
nucleophile having at‘least one chiral center, in a suit 
able solvent and under suitable reaction conditions. 
According to still another embodiment of this inven 

tion there are provided enantiomerically enhanced chi 
ral organometallic complexes having one or more chiral 
substituted cyclopentadienyl groups. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

The substituted fulvene compounds or derivatives 
thereof that are useful in the present invention, are of 
the general formula I: 

(I) 

wherein each Rand each R’ is independently H a C1 or 
higher desirably C1-C2 and more desirably C1-C3, sub 
stituted or unsubstituted, aliphatic, cyclic or heterocy 
clic, hydrocarbon radical, with no more than 3 R 
groups being H or two or more neighboring R groups 
are joined together to form one ormore rings of 5 or 
more carbon atoms, preferably 5-8 carbon atoms and 
desirably 6 carbon atoms. Preferably, each R is indepen 
dently a C1 or higher alkyl or aromatic radical. Most 
preferably, each R is independently a C1 to C3 unsubsti 
tuted alkyl radical or two are joined to form a six num 
bered ring. Preferably, each R’ is independently H or a 
C1 or higher alkyl radical or a substituted or unsubsti 
tuted aromatic radical. Most preferably, each R’ is H. 
Exemplary preferred compounds of general formula I 
include l,2,3,4-tetramethylfulvene, l,2,3,4-t_etraethylful 
yene and l,2,3,4,6-pentamethylfulvene. Exemplary 
most preferred compounds of general formula I include 
l,2,3,4-tetramethylfulvene and 1,2,3,4-tetraethylful 
vene. 

Methods of making compounds of general formula I 
are well known to those of skill in the art. A suitable 
method includes that disclosed by J. C. Pando and E. A. 
Mintz in Tetrahedron Letters, Vol. 30, pp. 4811-2 
(1989), incorporated herein by reference. The enanti 
omerically enhanced or pure nucleophile suitable for 
use in the present invention is a chiral compound with 
an enantiomeric excess of either R or S isomer, capable 
of forming ions of general formula II: 

R'Y- (II) 
wherein Y is selected from the group consisting of NR", 
0, S, C(R")2, P(R”), Si(R")2; each R" is independently 
selected from H or C1 or higher, substituted or unsubsti 
tuted, aliphatic, aromatic, cyclic or heterocyclic hydro 
carbon radicals, or amino acid radicals; and R’ contains 
at least one chiral carbon center and is selected from C1 
or higher, substituted or unsubstituted, aliphatic, cyclic 
or heterocyclic hydrocarbon radicals or amino acid 
radicals. Preferably R" is independently selected from 
alkyl and aromatic hydrocarbon radicals; and R' con 
tains at least one chiral center and is selected from radi 
cals of amino acids, and alkyl and aromatic hydrocar 
bons, and Y is NH or NR". Preferably, the nucleophile 
is an anion of any alpha-alkylarylamine, wherein the 
alkyl group has in the range of about 1 to 6 carbon 
atoms. Exemplary alpha-alkylarylamines suitable in this 
invention include alpha-methylbenzyl amine, alpha 
ethylbenzyl amine, alpha-propylbenzyl amine, alpha 
butylbenzyl amine, alpha-methylnaphtha amine, alpha 
ethylnaptha amine, alpha-propylnaptha amine, and al 
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4 
pha-butylnaptha amine. Most preferably the nucleo 
phile is the anim of alpha-methylbenzyl amine. 

Generally the enantiomeric excess (excess over the 
racemic mixture) of the nucleophile of the present in 
vention may be any desired enantiomeric excess of ei 
ther the R or S enantiomer, even including essentially 
all of one enantiomer, and would depend on the desired 
end use of any cyclopentadienyl ligand produced from 
such nucleophile. Such enantiomeric excess is generally 
at least about 1 percent. Preferably such enantiomeric 
excess is at least about 5 percent, and most preferably at 
least about 50 percent. 
The enantiomerically enhanced chiral substituted 

cyclopentadienyl ligands of the present invention are of 
the general formula III: 

(111) 

wherein R, R‘, R", Y and R‘ are as de?ned above. 
The cyclopentadienyl ligands of the present inven 

tion can also form neutralized compounds or salts of 
metals such as magnesium, thallium, potassium, lithium 
or sodium of the following general formula IIIb or IIIc. 

(IIIb) 

(IIIc) 

wherein R, R’, R", Y and R" are as de?ned above, and 
Q is selected from the group consisting of thallium, 
potassium, lithium, sodium, and magnesiumhalide, 
wherein the halide is selected from the group consisting 
of chlorine, bromine, and iodine. 

Generally the enantiomeric excess of the enhanced 
chiral substituted cyclopentadienyl ligands and com 
pounds of the present invention may be any desired 
enantiomeric excess of either the R or S enantiomer, 
even including essentially all of one enantiomer, and 
would depend on the desired end use of any organome 
tallic complex and catalyst produced from such ligands. 
Such enantiomeric excess is generally at least about 1 
percent. Preferably such enantiomeric excess is at least 
about 5 percent, and most preferably at least about 50 
percent. 
The chiral substituted cyclopentadienyl ligands of 

general formula III as de?ned above can be made by 
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any suitable method. One such method for preparing 
ligands of general formula III is by contacting a substi 
tuted fulvene compound or derivative thereof, of gen 
eral formula I as described above with a nucleophile 
capable of forming ions of general formula II as de 
scribed above, under conditions suitable to form com 
pounds of general formula III. 

Since the reaction of the substituted fulvene com 
pound of general formula I with the chiral nucleophile, 
to form the enantionmerically enhanced or pure chiral 
substituted cyclopentadienyl ligand of general formula 
III, does not involve the breaking of a bond to the chiral 
center, the reaction will proceed with a retention of the 
con?guration about that chiral center. This means that 
the degree of chirality of the resulting chiral substituted 
cyclopentadienyl product will be essentially the same as 
the chirality of the chiral nucleophile from which it was 
derived. Therefore to obtain a chiral substituted .cy 
clopentadienyl product of desired enantiomeric excess 
or purity, the enantiomeric excess or purity of the reac~ 
tant chiral nucleophile will need to be substantially the 
same as the desired enantiomeric excess or purity. 
The substituted fulvene compounds or derivatives 

thereof and the nucleophile are generally contacted at a 
temperature that is sufficient to form the product com 
pound of general formula III. Such temperature is gen 
erally in the range of about —78 to about 200° C. Pref 
erably the temperature is in the range of about —50 to 
about 100° C. Most preferably the temperature is in the 
range of from about —20 to about 65° C. 
The substituted fulvene compound or derivatives 

thereof and the nucleophile are generally contacted 
together at a pressure that is suitable for the formation 
of compounds of general formula III. Suitable pressures 
include those in the range of about just above 0 psia to 
about 2000 psig. Preferably the pressures are in the 
range of from about 1 psia to about 50 psig'. Most prefer 
ably the pressures are in the range of from about 0 to 
about 16 psig. 
The substituted fulvene compound or derivative 

thereof and the nucleophile may be contacted in the 
presence of any suitable solvent that will facilitate the 
production of compounds of general formula III. Gen 
erally the solvent is selected from the group consisting 
of ethers, glymes, hydrocarbons and aromatic hydro 
carbons. Preferably, the solvent selected is one in which 
the fulvene compound is soluble. Suitable solvents in 
clude ethers such as dimethylether, diethylether and 
methylethylether, glymes such as monoglyme, ethyl 
glyme, diglyme, ethyl diglyme, triglyme, butyl diglyme 
and tetraglyme, tetrahydrofuran (“THF”), dimethoxy 
ethane (“DME”), hexane, toluene and benzene. 
The substituted fulvene compound or derivatives 

thereof and the nucleophile are generally contacted for 
a time sufficient to form compounds of general formula 
III. Suitable contacting times include those in the range 
of from about 0.1 minutes to about 24 hours. Preferably, 
the contacting time is in the range of about 0.5 hours to 
about 16 hours. Most preferably the contacting time is 
in the range of l to about 8 hours. 
The substituted fulvene compound or derivatives 

thereof and the nucleophile are generally contacted 
together in mole ratios that are suitable for the forma 
tion of compounds of general formula III. Suitable mole 
ratios of substituted fulvenes or derivatives thereof to 
nucleophiles include those in the range of from about 10 
to l to about 1 to 10. Preferably, the mole ratios are in 
the range of from about 3 to l to about 1 to 3. Most 
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6 
preferably the mole ratio are in the range of about 1.1 to 
l to about I to 1.1. 
The metal containing compound suitable for use in 

the present invention is any compound having a transi 
tion metal that is capable of forming an organometallic . 
complex with the chiral substituted cyclopentadienyl 
ligand of formula III. Typically the metal containing 
compound is a metal halide or metal carbonyl halide. 
Suitable transition metals include any Group III B 
through Group VIII B metal capable of forming an 
organometallic complex with the chiral substituted cy 
clopentadienyl ligand. Preferably, the transition metal is 
selected from Group IV B, VI B or VIII B, most prefer 
ably from Group IV B. Suitable metals include Ti, Hf, 
U, Th, Sc, V, Cr, Mn, Fe, Co and Zr. Preferably, the 
metal containing compound will contain a metal se 
lected from the group consisting of Ti, Hf, U, Th and Zr 
Most preferably, the metal containing compound will 
contain a metal selected from the group consisting of Ti, 
Hf and Zr. 
The chiral organometallic complexes of the present 

invention can be produced by any method. A suitable 
method for producing the organometallic complexes of 
the present invention comprises contacting a chiral 
substituted cyclopentadienyl ligand of general formula 
III with a metal containing compound as described 
above, under suitable reaction conditions so as to form 
the desired chiral organometallic complex, which is 
typically of general formula V: 

(V) 
Y-R' 

III-ll 

wherein R, R’, R’, and Y are as defined above, each Q’ 
may independently be any univalent anionic ligand such 
as a halide, hydride, or substituted or unsubstituted 
Cl-C20 hydrocarbyl, alkoxide, aryloxide, amide, aryla 
mide, phosphide or arylphosphide, or two ore more Q’ 
together may be an alkylidene or a cyclometallated 
hydrocarbyl or any other divalent anionic chelating 
ligand, M is a transition metal as described above, in is 
the valence or oxidation state of the metal and n is in the 
range of about 1 to about m-l. Preferably, Q’ is a halide 
selected from the group consisting of chlorine, bromine 
and iodine. 

Generally the enantiomeric excess of the enhanced 
chiral organometallic complex of the present invention 
may be any desired enantiomeric excess of either the R 
or S enantiomer, ranging from just over the racemic 
mixture to even including essentially all of one enantio 
mer, and would depend on the desired end use of any 
catalyst produced from such organometallic complexes. 
Such desired enantiomeric excess is generally at least 
about 1 percent. Preferably such enantiomeric excess is 
at least about 5 percent, and most preferably at least 
about 50 percent. 

Since the reaction of the chiral substituted cyclopen 
tadienyl ligand of general formula III with the metal 
containing compound, to form the chiral organometal 
lic complex, does not involve the breaking of a bond to 
the chiral center, the reaction will proceed with a reten 
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tion of the con?guration about that chiral center. This 
means that the con?guration about the chiral center and 
the enantionmeric excess of the resulting chiral organo 
metallic complex product will be essentially the same as 
the con?guration about the chiral center and the enan 
tiomeric excess of the chiral substituted cyclopentadie 
nyl ligand from which it was derived. Therefore to 
obtain a chiral substituted organometallic complex 
product of a desired con?guration and enantiomeric 
excess or purity, the con?guration and enantiomeric 
excess or purity of the reactant chiral substituted cy 
clopentadienyl ligand will need to be substantially the 
same as the desired con?guration and enantiomeric 
excess or purity. 
The chiral substituted cyclopentadienyl ligand of 

general formula III and the metal containing compound 
are generally contacted at a temperature that is suffi 
cient to form the chiral organometallic complex. Such 
temperature is generally in the range of about —78 to 
about 200° C. Preferably the temperature is in the range 
of about —78 to about 100° C. Most preferably the 
temperature is in the range of from about —78 to about 
65° C. 

Ligands of general formula III and the metal contain 
ing compound generally contacted together at a pres 
sure that is suitable for the formation of the chiral or 
ganometallic complex. Suitable pressures include those 
in the range of about just above 0 ‘psia to about 2000 
psig. Preferably the pressures are in the range of from 
about 1 psia to about 50 psig. Most preferably the pres 
sures are in the range of from about 0 to about 16 psig. 

Chiral substituted cyclopentadienyl ligands of gen 
eral formula III may be contacted together with the 
metal containing compounds in the presence of any 
suitable solvent that will facilitate the production of 
compounds of general formula V. Generally the solvent 
is selected from the group consisting of ethers, glymes 
hydrocarbons, and aromatic hydrocarbons. Suitable 
solvents include ethers such as dimethylether, die 
thylether and methyethylether, glymes such as mono 
glyme, ethyl glyme, diglyme, ethyl diglyme, triglyme, 
butyl diglyme and tetraglyme, THF, DME, Hexane, 
toluene, and methylene chloride. 
The chiral substituted cyclopentadienyl ligands of 

general formula III and the metal containing com 
pounds are generally contacted together for a time 
sufficient to form the desired chiral organometallic 
complexes. Suitable contacting times include those in 
the range of from about 0.1 minutes. to about 24 hours. 
Preferably, the contacting time is in the range of about 
0.5 hours to about 16 hours. Most preferably the con 
tacting time is in the range of l to about 8 hours. 
The chiral substituted cyclopentadienyl ligands of 

general formula III and the metal containing com 
pounds are generally contacted together in mole ratios 
that are suitable for the formation of compounds of 
desired organometallic complex. Suitable mole ratios of 
the chiral substituted cyclopentadienyl ligands of gen 
eral formula III to the metal containing compounds 
include those in the range of from about 10 to l to about 
1 to 10. Preferably, the mole ratios are in the range of 
from about 3 to l to about 1 to 3. Most preferably the 
mole ratios are in the range of about 1 to about 1 to 1.1. 
The chiral substituted cyclopentadienyl ligands of 

general formula III, IIIb and IlIc are suitable as precur 
sors for making chiral substituted organometallic com 
plexes, which can be utilized as components in catalyst 
systems that are useful in the polymerization hydroge 
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8 
nation, hydroformalation and epoxidation, especially in 
catalyst systems that are useful in the polymerization of 
polyolefms. In particular, the chiral catalyst complexes 
of enhanced enantiomeric purity are useful in control 
ling particular properties of polyole?ns, including melt 
ing point and crystallinity. 
The chiral organometallic complexes of the present 

invention are useful as the metallocene component of a 
supported metallocene alumoxane catalyst for use in gas 
phase polymerization of olefms. Supported metallo 
cene-alumoxane catalysts and methods for making them 
are well known. Supported metallocene-alumoxane 
catalysts for olefin polymerization are described in U.S. 
Pat. No. 4,701,432 of Welborn. These supported metal 
locene-alumoxane catalysts are generally obtained by 
reacting a metallocene and an alumoxane in the pres 
ence of the solid support material. The supported cata 
lyst may then be employed either as the sole catalyst 
component or may be employed in combination with an 
organometallic cocatalyst. 

EXAMPLE 

Addition of (R)-(+)-aloha-methylbenzylamine to 
l,2,3,4-tetramethylfulyene 

To a solution of 1.9 mL of (R)-(+)-alpha-methylben 
zylamine (47 mmol) in 30 mL of ether was added 9.3 
mL of n-Butyllithium (1.6 M in hexane 14.9mmol) at 0° 
C. This solution was then allowed to stir at room tem 
perature for 2 hours. Freshly prepared l,2,3,4-tet 
ramethyl fulvene, 2.0g (14.9 mmol) was added and the 
reaction mixture re?uxed for 8 hours. The reaction 
mixture was then cooled to room temperature and 1.4 g, 
44% yield of (R)-Li[C5Me4CH2NHCH(CH3)Ph] was 
isolated by ?ltration. 
The invention has been described with reference to 

its preferred embodiments. Those of ordinary skill in 
the art may, upon reading this disclosure, appreciate 
changes or modi?cations which do not depart from the 
scope and spirit or the invention as described above or 
claimed hereafter. 
What is claimed: 
1. A method of making enantiomerically enhanced 

chiral substituted cyclopentadienyl ligands of general 
formula III: 

comprising contacting a substituted fulvene compound 
of general formula I: 

with a enantiomerically enhanced chiral nucleophile, 
capable of forming ions of general formula II: 

(I) 
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wherein each R and each R’ is independently selected 
from the group consisting of H, radicals of substituted 
aliphatic hydrocarbons, unsubstituted aliphatic hydro 
carbons, substituted cyclic hydrocarbons, unsubstituted 
cyclic hydrocarbons, substituted heterocyclic hydro 
carbons, and unsubstituted heterocyclic hydrocarbons 
and two neighboring R groups can be joined together to 
form a ring of ?ve or more carbon atoms; R’ contains at 
least one chiral carbon center and is selected from the 
group consisting of enantiomerically enhanced chiral 
radicals of amino acids, substituted aliphatic hydrocar 
bons, unsubstituted aliphatic hydrocarbons, substituted 
cyclic hydrocarbons, unsubstituted cyclic hydrocar 
bons, substituted heterocyclic hydrocarbons and unsub 
stituted heterocyclic hydrocarbons; Y is selected from 
the group consisting of NR", NH, O, S, C(R")2, PR” 
and Si(R")2; and each R” is independently selected from 
the group consisting of H radicals of amino acids, substi 
tuted aliphatic hydrocarbons, unsubstituted aliphatic 
hydrocarbons, substituted cyclic hydrocarbons, unsub 
stituted cyclic hydrocarbons, substituted heterocyclic 
hydrocarbons and unsubstituted heterocyclic hydrocar 
bons. 

2. The method of claim 1 wherein the cyclopentadie 
nyl ligand and the nucleophile are contacted together at 
a temperature in the range of about —78 to about 200° 
C., at a pressure in the range of about just above 0 psia 
to about 2000 psig, for a contacting time in the range of 
about 0.1 minutes to about 24 hours, and at a mole ratio 
of the ligand to nucleophile in the range of about 10:] to 
about 1:10. 

3. The method of claim 2 wherein the chiral substi 
tuted cyclopentadienyl ligands of general formula III 
are produced at an enantiomen'c excess of at least 1 
percent. 

4. The method of claim 1 wherein each R is indepen 
dently selected from the group consisting of radicals of 

25 

30 

alkyls and aromatics or two R groups are joined to- 40 
gether to form a ring of 5 or more carbon atoms; each 
R’ is independently selected from the group consisting 
of H, and alkyl and aromatic hydrocarbons; R' contains 
at least one chiral carbon center and is selected from the 
group consisting of radicals of amino acids, and alkyl 
and aromatic hydrocarbons; and Y is selected from the 
group consisting of NH and NR"; and each R" is inde 
pendently selected from the group consisting of alkyl 
and aromatic hydrocarbon radicals. 

5. The method of claim 4 wherein the cyclopentadie 
nyl ligand and the nucleophile are contacted together at 
a temperature in the range of about —78 to about 200° 
C., at a pressure in the range of about just above 0 psia 
to about 2000 psig, for a contacting time in the range of 
about 0.1 minutes to about 24 hours, and at a mole ratio 
of the ligand to nucleophile in the range of about 10:1 to 
about 1:10. 

6. The method of claim 5 wherein the chiral substi 
tuted cyclopentadienyl ligands of general formula III 
are produced at an enantiomeric excess of at least 5 
percent. 

7. The method of claim 1 wherein the substituted 
fulvene compound is selected from the group consisting 
of l,2,3,4-tetramethylfulyene, l,2,3,4-tetraethylfulvene 
and l,2,3,4,6-pentamethylfulyene, and the chiral nucleo 
phile is an alpha-alkylarylamine selected from the group 
consisting of alpha-methylbenzyl amine, alpha-ethyl 
benzyl amine, alpha-propylbenzyl amine, alpha-butyl 
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10 
benzyl amine, alpha-methylnaphtha amine, alpha-ethyl 
naptha amine, alpha-propylnaptha amine, and alpha 
butylnaptha amine. 

8. The method of claim 7 wherein the cyclopentadie 
nyl ligand and the nucleophile’ are contacted together at 
a temperature in the range of about —50 to about 100° 
C., at a pressure in the range of about 1 psia to about 50 
psig, for a contacting time in the range of about 0.5 
hours to about 16 hours, and at a mole ratio of the ligand 
to nucleophile in the range of about 3:1 to about 1:3. 

9. The method of claim 1 wherein the substituted 
fulvene compound is l,2,3,4-tetramethylfulvene and the 
chiral nucleophile is alpha-methylbenzyl amine. 

10. The method of claim 9 wherein the cyclopenta 
dienyl ligand and the nucleophile are contacted to 
gether at a temperature in the range of about —50 to 
about 100° C., at a pressure in the range of about 1 psia 
to about 50 psig, for a contacting time in the range of 
about 0.5 to about 16 hours, and at a mole ratio of the 
ligand to nucleophile in the range of about 3:1 to about 
1:3. 

11. The method of claim 10 wherein the chiral substi 
tuted cyclopentadienyl ligands of general formula III 
are produced at an enantiomeric excess of at least 5 
percent. 

12. The method of claim 10 wherein the cyclopenta 
dienyl ligand and the nucleophile are contacted to 
gether at a temperature inthe range of about —20 to 
about 65° C., at a pressure in the range of about 0 psig 
to about 16 psig, for a contacting time in the range of 
about 1 to about 8 hours, and at a mole ratio of the 
ligand to nucleophile in the range of about 1:1:1 to 
about 1:1.1. _ 

13. An enantiomerically enhanced composition com 
prising chiral substituted cyclopentadienyl ligands of 
general formula III: 

(111) 

wherein each R and each R’ is independently selected 
from the group consisting of H, radicals of substituted 
aliphatic hydrocarbons, unsubstituted aliphatic hydro 
carbons, substituted cyclic hydrocarbons, unsubstituted 
cyclic hydrocarbons, substituted heterocyclic hydro 
carbons and unsubstituted heterocyclic hydrocarbons 
and two neighboring R groups can be joined together to 
form a ring of ?ve or more carbon atoms; R‘ contains at 
least one chiral carbon center and is selected from the 
group consisting of enantiomerically enhanced chiral 
radicals of amino acids, substituted aliphatic hydrocar 
bons, unsubstituted aliphatic hydrocarbons, substituted 
cyclic hydrocarbons, unsubstituted cyclic hydrocar 
bons, substituted heterocyclic hydrocarbons and unsub 
stituted heterocyclic hydrocarbons; Y is selected from 
the group consisting of NR", NH, O, S, C(R")2, PR” 
and Si(R")z; and each R" is independently selected from 
the group consisting of H, radicals of amino acids, sub 
stituted aliphatic hydrocarbons, unsubstituted aliphatic 
hydrocarbons, substituted cyclic hydrocarbons, unsub 
stituted cyclic hydrocarbons, substituted heterocyclic 
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hydrocarbons and unsubstituted heterocyclic hydrocar 
bons. 

14. The composition of claim 13 wherein each R is 
independently selected from the group consisting of 
‘radicals of alkyls and aromatics or two R groups are 
joined together to form a ring of 5 or more carbon 
atoms; each R’ is independently selected from the group 
consisting of H, and radicals of alkyl and aromatic hy 
drocarbons; R‘ contains at least on chiral carbon center 
and is selected from the group consisting of radicals of 
amino acids, and alkyl and aromatic hydrocarbons; and 
Y is selected from the group consisting of NH and NR"; 
and each R" is independently selected from the group 
consisting of alkyl and aromatic hydrocarbon radicals. 

15. The composition of claim 14 wherein each R is 
independently selected from the group consisting of 
methyl, ethyl, propyl; R’ is H; and —Y—R' is an alpha 
_alkylarylamine radical selected from the group consist 
ing of radicals of alpha-methylbenzyl amine, alpha 
ethylbenzyl amine, alpha-propylbenzyl amine, alpha 
butylbenzyl amine, alpha-methylnaphtha amine, alpha 
ethylnaptha amine, alpha-propylnaptha amine, and al 
pha-butylnaptha amine. 

16. The composition of claim 15 wherein each R is 
independently selected from the group consisting of 
methyl, ethyl and propyl; R’ is H; and --Y--R' is an 
alpha-methylbenzyl amine radical. 

17. An enantiomerically enhanced composition com 
prising chiral substituted cyclopentadiene compounds 
of general formula IIIb: 

c-c 

R R 

wherein each R and each R’ is independently selected 
from the group consisting of H, radicals of substituted 
aliphatic hydrocarbons, unsubstituted aliphatic hydro 
carbons, substituted cyclic hydrocarbons, unsubstituted 
cyclic hydrocarbons, substituted heterocyclic hydro 
carbons, unsubstituted heterocyclic hydrocarbons and 
two neighboring R groups can be joined together to 
form a ring of ?ve or more carbon atoms R‘ contains at 
least one chiral carbon center and is selected from the " 
group consisting of enantiomerically enhanced chiral 
radicals of amino acids, substituted aliphatic hydrocar 
bons, unsubstituted aliphatic hydrocarbons, substituted 
cyclic hydrocarbons, unsubstituted cyclic hydrocar 
bons, substituted heterocyclic hydrocarbons and unsub 
stituted heterocyclic hydrocarbons; Y is selected from 
the group consisting of N ", NH, 0, S, C(R")2, PR" 
and Si(R")2; each R" is independently selected from the 
group consisting of H, radicals of amino acids, substi 
tuted aliphatic hydrocarbons, unsubstituted aliphatic 
hydrocarbons, substituted cyclic hydrocarbons, unsub 
stituted cyclic hydrocarbons, substituted heterocyclic 
hydrocarbons and unsubstituted heterocyclic hydrocar 
bons, and Q is selected from the group consisting of 
thallium, potassium, lithium, sodium and MgX, wherein 
X is selected from the group consisting of Br, Cl and I. 

18. The composition of claim 17 wherein each R is 
independently selected from the group consisting of 
radicals of alkyls and aromatics or two R groups are 
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joined together to form a ring of 5 or more carbon 
atoms; each R' is independently selected from the group 
consisting of H, and radicals of alkyl and aromatic hy 
drocarbons; R‘ contains at least on chiral carbon center 
and is selected from the group consisting of radicals of 
aminoacids, and alkyl and aromatic hydrocarbons; and 
Y is selected from the group consisting of NH and NR"; 
and each R" is independently selected from the group 
consisting of alkyl and aromatic hydrocarbon radicals. 

19. The composition of claim 18 wherein the enantio 
meric enhancement is an enantiomeric excess of at least 
5 percent. 

20. The composition of claim 18 wherein each R is 
independently selected from the group consisting of 
methyl, ethyl, propyl or two R groups are joined to 
gether to form a 6 numbered ring; R‘ is H; and —Y—R' 
is an alpha-alkylarylamine radical selected from the 
group consisting of radicals of alpha-methylbenzyl 
amine, alpha-ethylbenzyl amine, alpha-propylbenzyl 
amine, alpha-butylbenzyl amine, alpha-methylnaphtha 
amine, alpha-ethylnaptha amine, alpha-propylnaptha 
amine, and alpha-butylnaptha amine. 

21. The composition of claim 20 wherein each R is 
independently selected from the group consisting of 
methyl, ethyl and propyl or two R groups are joined 
together to form a 6 numbered ring; R’ is H; and -Y-R' 
is an alpha-methylbenzyl amine radical. 

22. The composition of claim 21 wherein the enantio 
meric enhancement is an enantiomeric excess of at least 
5 percent. 

23. An enantiomerically enhanced composition com 
prising chiral compounds of general formula V: 

(V) 

wherein each R and each R’ is independently selected 
from the group consisting of H, radicals of substituted 
aliphatic hydrocarbons, unsubstituted aliphatic hydro 
carbons, substituted cyclic hydrocarbons, unsubstituted 
cyclic hydrocarbons, substituted heterocyclic hydro 
carbons, unsubstituted heterocyclic hydrocarbons and 
two neighboring R groups can be joined together to 
form a ring of ?ve or more carbon atoms; R’ contains at 
least one chiral carbon center and is selected from the 
group consisting of enantiomerically enhanced chiral 
radicals of amino acids, substituted aliphatic hydrocar 
bons, unsubstituted aliphatic hydrocarbons, substituted 
cyclic hydrocarbons, unsubstituted cyclic hydrocar 
bons, substituted heterocyclic hydrocarbons and unsub 
stituted heterocyclic hydrocarbons; Y is selected from 
the group consisting of NR", NH, O, S, C(R"2, PR" and 
Si(R")2; each R” is independently selected from the 
group consisting of H, radicals of amino acids, substi 
tuted aliphatic hydrocarbons, unsubstituted aliphatic 
hydrocarbons, substituted cyclic hydrocarbons, unsub 
stituted cyclic hydrocarbons, substituted heterocyclic 
hydrocarbons and unsubstituted heterocyclic hydrocar 
bons; each Q’ is independently a univalent anionic li 
gand selected from the group consisting of a halide, 
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hydride, substituted or unsubstituted C|—C20 hydro 

carbyl, alkoxide, aryloxide, amide, arylamide, phos 
phide and arylphosphide; M is a transition metal se 

lected from the group consisting of Group IIIB-VIIIB 

transition metals; m is the transition state of the metal; 

and n is in the range of about 1 to about m-- l. 

24. The composition of claim 23 wherein each R is 

independently selected from the group consisting of 

radicals of alkyls and aromatics or two R groups are 

joined together to form a ring of 5 or more carbon 

atoms; each R’ is independently selected from the group 

consisting of H, and radicals of alkyl and aromatic hy 
drocarbons; R‘ contains at least on chiral carbon center 

and is selected from the group consisting of radicals of 

amino acids, and alkyl and aromatic hydrocarbons; and 

Y is selected from the group consisting of NH and NR"; 
and each R" is independently selected from the group 

' consisting of alkyl and aromatic hydrocarbon radicals; 

each Q’ is a halogen independently selected from the 

group consisting of chlorine, bromine and iodine; and M 
is a transition metal selected from the group consisting 

of Group IV B, Group VI B and Group VIII B transi 

tion metals. 
25. The composition of claim 24 wherein each R is 

independently selected from the group consisting of 
methyl, ethyl, propyl or two R groups are joined to 

gether to form a 6 numbered ring; R’ is H; and 

—Y—R' is an alpha-alkylarylamine radical selected 

from the group consisting of radicals of alpha-methyl 

benzyl amine, alpha-ethylbenzyl amine, alpha-propyl 
‘ benzyl amine, alpha-butylbenzyl amine, alpha-methyl 

naphtha amine, alpha-ethylnaptha amine, alpha-propyl 
naptha amine, and alpha-butylnaptha amine. 

26. The composition of claim 25 wherein the enantio 

meric enhancement is an enantiomeric excess of at least 

5 percent. 
27. The composition of claim 26 wherein M is a 

Group IV metal. 
28. The composition of claim 27 wherein —Y—R' is 

an alpha-methylbenyzlamine radical. 

29. The composition of claim 28 wherein each R is 

methyl. 
30. The composition of claim 25 wherein M is se 

lected from titanium, hafnium and zirconium. 
31. An enantiomerically enhanced composition com 

prising chiral substituted cyclopentadiene compounds 
of general formula I110: 
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(lllc) 

wherein each R and each R’ is independently selected 
from the group consisting of H, radicals of substituted 
aliphatic hydrocarbons, unsubstituted aliphatic hydro 
carbons, substituted cyclic hydrocarbons, unsubstituted 
cyclic hydrocarbons, substituted heterocyclic hydro 
carbons, unsubstituted heterocyclic hydrocarbons and 
two neighboring R groups can be joined together to 
form a ring of ?ve or more carbon atoms; R' contains at 
least one chiral carbon center and is selected from the 
group consisting of enantiomerically enhanced chiral 
radicals of amino acids, substituted aliphatic hydrocar 
bons, unsubstituted aliphatic hydrocarbons, substituted 
cyclic hydrocarbons, unsubstituted cyclic hydrocar 
bons, substituted heterocyclic hydrocarbons and unsub 
stituted heterocyclic hydrocarbons; Y is selected from 
the group consisting of NR”, NH, O, S, C(R")2, PR" 
and Si(R")1; each R" is independently selected from the 
group consisting of H, radicals of amino acids, substi 
tuted aliphatic hydrocarbons, unsubstituted aliphatic 
hydrocarbons, substituted cyclic hydrocarbons, unsub 
stituted cyclic hydrocarbons, substituted heterocyclic 
hydrocarbons and unsubstituted heterocyclic hydrocar 
bons. 

32. The composition of claim 31 wherein each R is 
independently selected from the group consisting of 
radicals of alkyls and aromatics or two R groups are 
joined together to form a ring of 5 or more carbon 
atoms; each R’ is independently selected from the group 
consisting of H, and radicals of alkyl and aromatic hy 
drocarbons; R‘ contains at least on chiral carbon center 
and is selected from the group consisting of radicals of 
amino acids, and alkyl and aromatic hydrocarbons; and 
Y is selected from the group consisting of NH and NR"; 
and each R" is independently selected from the group 
consisting of alkyl and aromatic hydrocarbon radicals. 

33. The composition of claim 32 wherein the enantio 
meric enhancement is an enantiomeric excess of at least 
5 percent. 

34. The composition of claim 33 wherein each R is 
independently selected from the group consisting of 
methyl, ethyl, propyl or two R groups are joined to 
gether to form a 6 numbered ring; R’ is H; and —Y—R" 
is an alpha-alkylarylamine radical selected from the 
group consisting of radicals of alpha-methylbenzyl 
amine, alpha-ethylbenzyl amine, alpha-propylbenzyl 
amine, alpha-butylbenzyl amine, alpha-methylnaphtha 
amine, alpha-ethylnaptha amine, alpha-propylnaptha 
amine, and alpha-butylnaptha amine. 

35. The cOmposition of claim 34 wherein each R is 
independently selected from the group consisting of 
methyl, ethyl and propyl or two R groups are joined 
together to form a 6 numbered ring; R’ is H; and 
—Y—-R" is an alpha-methylbenzyl amine radical. 
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